ABSTRACT: Maternal smoking in pregnancy is associated with respiratory diseases in the offspring, possibly due to prenatal influences on the developing immune system. We investigated whether maternal smoking in pregnancy was associated with cord blood leukocyte numbers, including precursor dendritic cells, adjusting for concomitant factors. In a prospective healthy birth cohort study, total leukocyte counts were reduced in neonates of smoking mothers [10.7 (8.4 -13.0 E nvironmental tobacco smoke exposure is associated with an increased risk of infections, impaired lung development, and respiratory morbidity and mortality in children (1). Specifically, smoking during pregnancy has been shown to act as an independent risk factor for wheezing disorders when compared with postnatal exposure to environmental tobacco smoke (2). Whereas inhaled tobacco smoke is known to have an effect on leukocyte numbers in the blood and to induce inflammatory responses in the airways of human adults, the effects of maternal smoking on blood counts and early immune responses of the offspring are poorly understood.
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Studies showing a decrease in leukocyte counts, especially neutrophilic granulocytes, in cord blood of neonates of smoking mothers have lead to the conclusion that this decrease might contribute to the susceptibility to infections and therefore increased respiratory morbidity in these children (3, 4) . However, these studies used only univariate statistical methods and were therefore not able to determine whether the decreased leukocyte counts were independently associated with maternal smoking, or whether they could be explained by other factors (e.g. maternal age or perinatal stress) that might be associated with both, maternal smoking and neonatal cell counts.
The decrease in the number of neutrophilic granulocytes might contribute to an increased susceptibility to bacterial infections, whereas it is unlikely to be the major cause for the increased susceptibility to viral infections that are associated with symptoms of wheeze. Not neutrophils but other leukocytes such as lymphocytes and antigen-presenting dendritic cells play a more important role in the defense against most viral infections. Dysregulation of these cells may furthermore contribute to the development of allergy and asthma (5, 6) . Nicotine, one of the main constituents of cigarette smoke, has a suppressive effect on myeloid dendritic cells (7) (8) (9) . As a consequence, these cells may be particularly affected in children of smoking mothers.
The aim of this study was to investigate whether maternal smoking in pregnancy was associated with a decrease of lymphocytes and dendritic precursor cells in the cord blood of the neonates and whether these differences in leukocyte subtypes remained after adjustment for other determinants of neonatal leukocyte counts, such as maternal age, infections, atopic diseases, and perinatal stress.
MATERIALS AND METHODS

Subjects and protocol.
In a prospective birth cohort study, 97 Caucasian infants were prenatally recruited from seven maternity hospitals in the region of Berne, Switzerland, between August 1999 and May 2005. Exclusion criteria for the study were as follows: ethnicity other than Caucasian, signif-icant preterm delivery (Ͻ36 wk), major birth defects, respiratory distress with need of supplemental oxygen longer than 30 min after birth, or other significant perinatal diseases, e.g. severe neonatal or maternal infections. The infants were part of a larger sample reported previously (10, 11) . A few days after birth, an extensive questionnaire was completed with the mothers by standardized interviews. Included were questions related to maternal and paternal tobacco smoking, maternal infections (of airways, gastrointestinal tract, urinary tract, vagina, or others) and medications in each trimester. Information about perinatal circumstances was obtained from the medical record. History of parental atopic disease (self-reported, doctor-diagnosed asthma, hay fever, or eczema) was verified by standardized interviews by a pediatric pulmonologist (U.F.) ( Table 1) . Informed consent was obtained from the children's parents. The study protocol was approved by the Departmental Ethics Committee of the University Children's Hospital and by the Governmental Ethics Committee of the State of Berne, Switzerland.
Measurements. Cord blood was taken by venipuncture from the umbilical cord attached to the placenta, immediately following separation from the infant and collected in sterile EDTA tubes. Blood analyses were performed within 12 h after birth. Complete blood counts (except for pDC) were determined by the hematological laboratory of the University Children's Hospital Berne using a Cell-Dyn 3500R (Abbott, Baar, Switzerland). Dendritic precursor cells were flow cytometrically measured using a FACScan (BD Biosciences, Franklin Lakes, NJ) and were identified as follows: 1) gating for mononuclear cells in forward and orthogonal light scattering signals; 2) selection of cells within the gated population by four color-flow cytometry: 2a) either CD 11c (myeloid) or CD123 (lymphoid) highly positive; 2b) HLA-DR positive; 2c) CD3, CD14, CD16, CD19, CD20, and CD56 negative.
The following monoclonal mouse anti-human antibodies were used: antiCD11c allocyanin (APC), anti-CD123 phycoerythrin (PE), lineage cocktail (lin 1) FITC (anti-CD3, CD14, CD16, CD19, CD20, and CD56), and anti-HLA-DR peridinin chlorophyll protein (PerCP). Mouse anti-human IgG 2a APC, PerCP, FITC, and mouse anti-human IgG 1 PE were used as isotype controls. The antibodies were purchased from BD Biosciences. Contamination by maternal blood was detected by measurement of IgA. Children with measurable IgA in cord blood sample were excluded from the study. Total leukocyte counts were corrected for nucleated red cells.
Cotinine levels were measured in the first urine of the neonates (or in the second if the first was contaminated by meconium) by rapid gas-liquid chromatography (12) . Cotinine levels depended on the timing of the last cigarette in relation to the collection of the urine sample and were not strongly associated with the mean cigarette consumption of the mother during pregnancy, because several mothers had stopped or greatly reduced smoking in the days preceding delivery and because the time between birth and collection of the first urine varied. Further validation by home visits showed that reported smoking reflected long-term exposure better than the postnatal urinary cotinine level. We therefore based our analyses on reported smoking frequency, but used cotinine levels to detect underreporting of smoking (e.g. children with a negative history and high urinary cotinine). This led to the exclusion of one child from the analyses.
Data analysis. Cord blood cell counts from 88 out of 97 infants could be included in the analyses; seven blood samples were coagulated, and one child was excluded because the mother's smoking history (nonsmoker) was contradicted by a high urine cotinine level (93 ng/mL). An otherwise healthy infant of a smoking mother was excluded due to marked leucopenia of unknown origin (2.0 ϫ 10 3 cells/L) [age-matched reference values (10th-90th percentiles): 7.20 -18.00 ϫ 10 3 cells/L (13)]. Analyses were performed with STATA, version 8.2 for Windows (STATA Corporation, Austin, TX). Cell counts were inspected for normality and, if necessary, transformed before analysis. Associations between maternal smoking and cell counts were first analyzed by means of t tests and univariate linear regression, with results expressed as means (95% confidence intervals). To assess whether these effects could be explained by confounding, the regression models were then adjusted for a number of factors selected a priori as potential determinants of neonatal cell counts (Table 2 ) even though most of them did not independently affect cell counts and were only weakly associated with maternal smoking. Finally, in view of the small sample size, we restricted the model for pDC to include only covariates that were found to significantly predict cell counts (p Ͻ 0.1) in the multivariable model. Estimated effects of these predictors and of maternal smoking were reported in terms of deviation from mean cell counts in children with baseline characteristics. For all regression models, continuous variables (gestational age, birth weight, maternal age at birth) were centred and categorical variables were entered as indicator variables.
RESULTS
Fourteen of 88 mothers had smoked during pregnancy. Prevalence of other potential determinants of cord blood leukocytes in smokers and nonsmokers are summarized in Table 1 . Other factors that were looked at but did not show any association with leukocyte numbers or smoking history were Streptococcus type B on vaginal smear (n ϭ 2), maternal use of inhaled steroids (n ϭ 2), and coffee consumption during pregnancy (n ϭ 55). Apart from smoking, maternal histories for drug abuse were negative. Blood pressure values of all mothers were within the normal range.
Whereas cord blood Hb and thrombocytes were not associated with maternal smoking (Table 2 , unadjusted), total leukocyte counts were significantly lower (10.7 ϫ 10 3 /L) in cord blood of children of smoking mothers compared with those of nonsmokers (14.7 ϫ 10 3 /L) (p ϭ 0.002). Within the leukocyte range, the most prominent decrease was observed in segmented neutrophilic granulocytes, monocytes, myeloid pDCs, and lymphocytes (Table 2) . Mean lymphocyte counts in cord blood of children of smoking mothers were 3. leucopenia in the analyses, the effect of smoking was even larger (data not shown).
Apart from maternal smoking, other independent predictors (p Ͻ 0.1) of myeloid pDC numbers in a more restricted multivariable model were maternal age (-0.5 cells/L per year of maternal age, p ϭ 0.035) and, marginally, maternal asthma (ϩ8.1 cells/L, p ϭ 0.075) ( Table 3) . Predictors of lymphoid pDC numbers included maternal hay fever during the third trimester of pregnancy (ϩ8.2 cells/L, p ϭ 0.074) and male gender (ϩ3.0 cells/L, p ϭ 0.077).
Paternal smoking history per se was not associated with cell counts in cord blood, but it is noteworthy that the fathers mainly smoked outside the house if the mother was a nonsmoker, whereas they smoked inside when the mother was a smoker. Thus, smoking pregnant women additionally had an increased exposure to environmental tobacco smoke.
DISCUSSION
In this birth cohort study of unselected infants, we found a decrease in all leukocyte subtypes in the cord blood of neonates of mothers who smoked during pregnancy compared with infants of nonsmoking mothers. This decrease was most prominent in segmented neutrophilic granulocytes, monocytes, lymphocytes, and myeloid pDCs and remained essentially unchanged even after adjustment for a large number of potential confounders. The discrepancies found were large enough to have potential clinical significance and therefore call for further investigation.
The observed decrease in all subtypes of the leukocyte lineage suggests either a reduced production of these cells, diminished release from bone marrow, or increased migration into other organs, such as the lung. Others have shown that reticulocyte counts in cord blood of children of smoking mothers were lower than in unexposed newborns, even though Hb did not differ between the two groups (4). This would be in accordance with a reduced bone marrow activity in response to maternal tobacco smoke exposure. Platelet counts in these children did not differ by maternal smoking status (4). In our study, the decrease of segmented (mature) neutrophils in children of smoking mothers was larger than the one of banded neutrophils. This could be explained by an increased recruitment of mature neutrophils to some tissues. In adults, acute and chronic smoking leads in fact to an increased number of neutrophils in bronchoalveolar lavage fluids (14) . An accumulation of neutrophils in the airways could furthermore be explained by the inhibition of neutrophilic chemo- * Adjusted for gender of child, gestational age, birth weight, cesarean section, meconium within the amniotic fluid, premature rupture of fetal membranes, age of the mother at birth, maternal asthma and hay fever ever in life, and maternal hay fever during the third trimester of pregnancy.
† Total n differed slightly between different cell types because some analyses could not be performed in children born during weekends. According to the model, children with baseline characteristics (female, no maternal smoking, average age of mother at birth: 31 y, no maternal asthma, no maternal hay fever during the third trimester of pregnancy) have counts of 16.3 cells/L and 10.6 cells/L, for myeloid and lymphoid pDCs, respectively. 464 taxis by cigarette smoke components, thus "trapping" of the neutrophils within the airways (15) . Obviously, administration routes of the substances from cigarette smoke differ among adult smokers and fetuses exposed to maternal smoking and the mechanism by which maternal smoking affects fetal neutrophils remains speculative. However, mononuclear cells from smokers have an increased production of certain cytokines and an increased proliferative response to mitogens (16) . Dendritic cells consistently repopulate normal tissues from the bloodstream and are recruited in elevated numbers to the sites of inflammation (17) . One could hypothesize that maternal smoking induces neonatal inflammatory cellular reactions that lead to an increased recruitment of dendritic cells and other leukocytes into periphery and thus a reduction of their number in the cord blood. Once recruited, these cells may, due to the effect of the constituents of cigarette smoke (7) (8) (9) show a dysbalanced immune reaction.
Environmental factors influence the immature immune system in utero and could contribute to a failure of development of immune functions (18, 19) . It is noteworthy that pDCs, particularly myeloid pDCs, and monocytes, the putative precursors of myeloid pDCs, were decreased in newborns of mothers who smoked during pregnancy. In view of the importance of myeloid dendritic cells in the activation of adaptive immune responses, our study suggests that maternal smoking might further accentuate the physiologic immaturity and Th2 bias of the immune system of neonates. Lymphocyte function has been shown to be altered in newborns of smoking mothers (20) . Furthermore, nicotine is known to affect the myeloid dendritic cell function, which may lead to a suppression of Th1 polarization (7) . Thus, the decreased pDC number could reflect an important alteration in the developing immune system. This may be relevant already during pregnancy, since many studies suggest that initial priming of the T cell system toward atopic disease takes place in the fetal period (5) . Because all of the mothers that were included in this study smoked during all three trimesters of the pregnancy, we cannot draw conclusions about the most vulnerable period for prenatal nicotine exposure. Much larger birth cohorts would be needed to tackle this question.
Because dendritic cells have a central role in initiating immune responses and nicotine is known to have a suppressive effect on myeloid dendritic cells, this may be relevant for the pathophysiology of diseases potentially induced by fetal immune dysregulations such as bronchial asthma. Maternal smoking has been shown to be associated with increased cord blood mononuclear cell proliferative response to stimulation with certain allergens (20, 21) . We have not measured proliferative response to allergen stimulation in our cohort, and the link between our findings and these publications remains hypothetical. The decrease in the number of lymphocytes that we have found in the cord blood of neonates of smoking mothers could further reflect an altered adaptive immune response in these children.
Strengths and limitations. This is the first study in humans showing that maternal smoking in pregnancy is associated with decreased pDCs in the offspring, and that these findings remain unchanged after adjustment for a large number of concomitant factors. A limitation of the study, due to its population-based sampling design, is the relatively low number of infants exposed to maternal smoking during pregnancy (16% of the study population), which limits statistical power for the analysis. Therefore, the results, especially for pDC, need to be confirmed by other studies with independent and preferentially larger groups of children. Also, it will be important to monitor the long-term clinical outcome of these infants, to assess if neonates with decreased cell counts have in fact an increased risk to develop respiratory symptoms in infancy and early childhood. We could not confirm in this study the reported increased risk of low birth weight and preterm birth associated with maternal smoking (22) because of the limited number of cases and, in consequence, insufficient statistical power to assess slight differences (-200 g) in mean weight; the fact that most of the mothers smoked little (Ͻ10 cigarette/d); and the fact that we had excluded preterm babies from participation in the study.
Summary and implications. We have shown that maternal smoking in pregnancy was associated with reduced counts of all cell subpopulations deriving from the myeloid and lymphoid lineage in neonates, especially segmented neutrophilic granulocytes, monocytes, myeloid pDCs, and lymphocytes. These findings, if confirmed by other groups, suggest a common pathway, with perhaps different susceptibility of these cell subtypes to tobacco smoke components. These findings represent a further step toward identifying potential in utero mechanisms linking maternal tobacco smoking during pregnancy to infants' susceptibility to infections and respiratory morbidity. Because dendritic cells particularly might have a central role in the immune development of the offspring and since nicotine is known to have a suppressive effect on myeloid dendritic cells, this may be relevant for the pathophysiology of diseases potentially induced by fetal immune dysregulations such as bronchial asthma. Future studies, investigating the effect of maternal tobacco smoke exposure on the redirection of the neonatal, Th2 skewed, immune response toward the Th1 cytokine phenotype, may be of particular interest, providing more insight into the mechanisms leading to respiratory morbidity in these children.
